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My Perspective

e VLSI Signal Processing, BS/MS MIT 1983, PhD Colorado 1989
e Worked as a VLSI Designer (Fairchild, VTI) and teach VLSI Design
e Research in VLSI Circuits

— Low-power (NSF, SRC) Application
— Interconnects (SRC, Intel)
— Wave-pipelining (NSF)
— SRAM (Intel, CRL)
— Soft-errors (Intel, MMDC) System
e Research in VLSI Architecture ==
— Adaptive SOC (NSF)
— VLSI Signal Processing (NSF) % TR
— Video, 3D Graphics (NSF) -
— Embedded Security (HSARPA) HHY
_g!{ g Circuit
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Objectives

 Provide insight into on-chip interconnects from a
circuit designer’s perspective

e Survey recent research in on-chip
interconnects

e Present MPSoC interconnect requirements and
metrics

e Show how to compare circuit and signaling
solutions

e Discuss the impact of uncertainties
(process variation, noise, temperature)

e Show CAD support for interconnect design and
estimation

e Some examples



LMoo On-Chip Interconnect:
Levels of Abstraction

e Network level
— CDMA
— TDMA

e System level
— Communication Links

— Adaptive supply voltage
links

e Architecture level
— AMBA™
— CoreConnect™

e Circuit level
— Low Swing
— Coding
— Single / Differential
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MPSoC Interconnect Requirements

eIntra-core vs. inter-core,
eBus-width (1,8,...32,64,...)
eAdjacent core vs. long-haul
eRepeated vs. unrepeated
eSingle-cycle vs. pipelined
eBus vs. point-to-point
eSynch vs. asynch
eMetrics:

eLatency

eBandwidth

eNoise

eArea

ePower/Energy

Source : A. Jerraya, W. Wolf, Multiprocessor Systems-on-Chips,
Elsevier 2005 5



MPSoC NoC Interconnect issues

eGranularity of cores, ie

. P [
WI relength Memory DSP DSP Memory
JHW HW

eBus width

eNetwork topology 2 ¢ 2 C D
.Llnk |ayer (faUIt- Me”r:ory CPU CPU Melrl::ory
tolerance, etc.) W W
eSynchronous vs. C )¢ > ( )
Asynchronous = p p 5
Memory Memory Memory Memory
/HW /HW HW /HW

Source : Ahmed Jerraya, Wayne Wolf, Multiprocessor Systems-on-
Chips, Elsevier 2005



JMassAmhe

MPSoC "Bus” Alternatives

Fixed Bus [Bergamaschi, DAC, 2000]
— Point to point communication

— Signals between cores transferred by
dedicated wires

Connectivity

FPGA-like Bus [Cherepacha, FPGA Sym, 1994]
— Programmable interconnects \
— Employ static network \

Arbitrated Bus [IDT Inc., 2000] \
— Time-shared multiple core connectivity N
— Use arbitrator N

Hierarchical Bus [AMBA, ARM Inc]
— Combine multiple buses using bus bridges

— Separate buses for cores and I/O

NoC Bus [Dally, DAC, 2000]
— Resources communicate with data

packets o .
. . Source : Jian Liang, Development and Verification of System-on-a-
- Use SWItCh fa brIC Chip Communication Architecture, Ph.D. thesis, Department of 7
Electrical and Computer Engineering, University of Massachusetts,
Ambherst, May 2004

v
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SoC Bus Standards:

CoreConnect™ and AMBA™

IBEM CoreConnect ARM AMEBA 2.0
Processor Local Bus AMBA High-performance Bus
32-, 64-, and 128-bits
Extenclable to 256-hits
Data Buses =eparate Read and Write Separate Read and Write

Multiple Bus Masters
4 Deep Read Fipelining
2 Deep \Write Pip=lining

=plit Transactions
Burst Transfers
Line Transfers

Bus Architecture 32-, 6d- and 1228-kits

rultiple Bus Masters
Fipelining
=plit Transactions
Burst Transfers
Line Transfers

Key Capabilities

On-Chip Peripheral Bus AMEA Advanced Peripheral Bus
Masters . . .
=) ] ! =T | 1 ) : i
Supported SUpEorts Multiple Masters Zingle Master: The AFPE Eridge
Bridge Function Master on FLE or OFE APE Master Qnly
Data Buses Separate Read and Write Separate or 3-state

IBM, 2000
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Interconnect Geometry Scaling

Isolation 240 A00 -

Paly-Si 260 140 | - |
Metal 1 220 150 | 1.4
Metal 2.3 | 320 256 | 1.6
Metal 4 400 320 1.8
Metal 5 | 480 384 | 1.6 |
Metal 6 720 | 576 | 1.6
Msatal 7 1080 | 972 | 1.8

Layer Pitch | Thick | AspectRatio
(nm) | (nm)
Isolation 220 320
Polysilicon 220 | 90
Contacted gate pitch | 220 - -
Metal | 210 170 1.6
Metal 2 210 190 1.8
Metal 3 220 200 1.8
Metal 4 280 | 250 1.8
Metal 5 330 300 1.8
Metal 6 480 | 430 1.8
Metal 7 720 650 1.8
Metal 8 1080 | 975 1.8

65nm Intel® Technology

90nm Intel® Technology

e Weak scaling of vertical dimension compared to
horizontal dimension

e Extremely high height/width aspect ratios
e Reduces degradation of interconnect resistance

9

Source : 90nm Intel® Technology, Thompson, IEDM, 2002, 65nm Intel® Technology Bai, IEDM 2004.
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@_ (}] R T .-
\::i.
> "
.-8 Typical gate Delay sl
2D IC with repeaters
————— Repeaters moved up
— = 3D IC constant metallayers
= ANDIC 2X metal layers
0.001 ' : ’
50 100 150 200 230

Technology Generation (nm)

Interconnect RC Trend

% increase each generatit

R C RC
Poly 45% -2% 42%
M1 53% 5% 61%
M2 46% 12% 62%

M3 39% 8% 51%

M4 18% 24% 46%

RC/um increases 40-60% per generation
Copper, low-K dielectric: modest benefit |,




FE VAN Interconnect Distribution
Trend

- Pentium Pro (R)
-=-Pentium(R) Il

-~ Pentium (MMX)
- Pentium (R)

== Pentium (R) lll

N
\\

10 100 1,000 10,000 100,000
Length (um)

No of nets
(Log Scale)

RC/um scaling trend is only one side of the story...

Average wire lengths don’t scale well "
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Interconnect Power Consumption

e Using Vdd
programmability

e High Vdd to devices on

critical path

e Low Vdd to devices on

non-critical paths

e Vdd Off for inactive

paths

A — Baseline Fabric

B — Fabric with Vdd
Configurable
Interconnect

0.16 -
0.14 -
13.31% = II;oglcrLeakage
012 - owe
5.65% . .
g 2.01% M Logic Dynamic
= 0.1 10.63% Power
g [J Local Interconnect
8 0.08 - 19.929 Leakage Power
] 7.90%
T 33.82Y 3.12% | ] Local Interconnect
5 006 - Dynamic Power
2 15.449 y
0.04 - M Global Interconnect
' 18.34%  Leakage Power
0.02 - 34 599 M Global Interconnect
' Dynamic Power
35.289 y
0 _
A B

This work builds on a similar idea for FPGAs described in:

12

Fei Li, Yan Lin and Lei He. Vdd Programmability to Reduce FPGA Interconnect Power, IEEE/ACM International Conference on Computer-Aided Design, Nov. 2004
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Interconnect Modeling

Cs'me cl

Ft’“ne = Rl and C“ne =Cl

A

: >

s}
I

3.00 -
2.00 -
1.50 -
/ =1mm
1.00 w  =0.9um
h =150
0.50 error =11.4% ]
0.00 7
] | ] | |
0.00 20.00 40.00 60.00 80.00
Time (ps)

a.Capacitive model
b.RC model
c.RLC model

1 L il

(b)

R”ne = Al L”ne = LI, and C”ne =Cl

- / >

LAz RAz LAz HRAz LAz RAz

WW

>z

13

Massoud, Ckts and
Devices Mag, 2001
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Interconnect Issues — Signal Integrity

|

1
& RC+ Self Inductance + I\Exlutual Inductance !
,‘;é_—- RC + Self Inductance

RC

T T T T T T T T11

Ismail, TVLSI, 2002

e Inductance becoming important
e Self inductance results in ringing
e Mutual inductance results in crosstalk 14
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Circuit and Signaling Solutions

e Conventional Circuit techniques
— Repeater insertion
— Booster insertion

Network

e Low Swing techniques
— Pseudo differential interconnect

— Differential Current sensing
%Architecture
e Bus encoding techniques i
— Transition aware encoding {41 Circuit

— Low Power encoding for crosstalk reduction

Signaling techniques
— Multi-level signaling
— Near speed of light signaling

15
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Interconnect Circuits - Repeater

o ><}>04W>04Ww So Ao
L R1 R2 R3
10 3
. 100nm
Fixed
repeater
ength = 300 u
Optimum

e Optimum repeater
insertion reduces

Normalized
enerqgy

interconnect delay. repeater lengths
e Optimized energy- g - m: ﬂ'm 643
delay tradeoffs used 22 0| *%
to satisfy design ES |
criteria. S L o
0 500 1000

Khellah, VLSI Symposium,
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nférconnect Circuits - Rep
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Magen, SLIP, 2004

180 130

# of Repeaters

100 70
Technology (nm)

107

10° -

10°

{|—m—180 nm
]| —®—130 nm
]| —&— 100 nm

|| —®—T70 nm

,—"/A
/"/A
-'/
ﬁé/j

Itanium, Power4
range

eaters

K

&

12 o
]

[=]

10 ©
2

8 ©
™

o

6 =
5

1 4 2
a

‘ 45 0 Maheshwari, PhD

Thesis, 2004

10*

T T
0.50 0.55

T
0.60

T T
0.65 0.70

Rent's Exponent

17

Kaul, TVLSI, 2004



Interconnect Circuits — Boosters

|

_| o _! o 3 N T 2
% B = 1\ 0” /_/— -'__"" \}‘/’ ot |
=\ L =y A/
¥ o N . iﬁ : \ /]
B > 02— il \ /
_DO_ T T _DO' I e
T S ] / i

Pull up/down network !
vdd,
Skewed inverters |/ .. Full keeper
L{ Mi ;vdds, / Driver

Driver

Interconnect :
- — A ———

Receiver

M2 _<.| M9
; 9; ; Interconnect

j T g

Vdd

M5 Receiver

Mé| |

M7 |
<

H \
M8 Muller—C element

18

Nalamalpu, TrCAD, 2002, Kaul ,TVLSI, 2004
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Interconnect Circuits - Low swing

e Reduce the swing on the —
interconnect

« Use a PMOS/NMOS al
device to provide a
resistive path

e Reduces dynamic power _57

since interconnect is not
charged full rail.

e Noise immunity low at
the output due to
reduced swing e Current mode, voltage

e Static power dissipation urt ! g
due to low impedance mode
path e Single ended, differential

19
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Interconnect Circuits — Low Swing

Voltage mode

REF
Single ended 2 e out
i . .
One wire per bit T
Receiver not
sensitive to
supply variation
Pseudo Differential Interconnect
Energy Delay
P ns R
Schemes ® : ™ (lfl:]t:l)s) S;\{/u)lg Complexity
Dv‘gf Receiver | Total D;:’f Receiver| Total
CMOS 11.45 0.15 11.6 1.64 0.47 2.11 24.5 2.0 least area overhead
PDIFF 1.32 0.60 1.92 1.65 0.75 2.40 4.6 0.5 timing, 1 REF 20

Zhang, TVLSI, 2000



Interconnect Circuits — Low Swing

Current sense Amp
AN

[ o N
M8 p_ M8 Lqu4

ouT
; = [>c
MY AN 1 M2

|
i | 1
| VDD
L -T= [ |
I ms' I 1| ' ve
v
Y
J7 VSS

Differential Current-Sensing

e Current mode, Differential
e Avoids charging and discharging wire capacitance

e No repeaters along the wire: Avoids placement
constraints

o Suffers from static power dissipation (paths
shown by dashed lines)

Initial Cascade

Maheshwari, TVLSI, 2004

21
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Delay-Power tradeoffs

1000 T T T T T T T 0.004
10mm wire Del ay
Power
i 0.0035
=
2 800 &
e 0.003 5
R=|
= 700+ 2
o a.
E 0.0025 Eﬂ
60‘0 B E
z
500 - 0.002
400 -"; | ! ! ! | | | 0.0015
0 10 20 30 40 50 60 70 80
Driver size (imes minimum size inverter)
22

Differential Current-Sensing

Maheshwari, TVLSI, 2004
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Delay vs. wirelength

2000
1800
1600
1400
1200
1000
800
600
400
200

Delay (in ps)

——o— Repeaters —s— Current-sensing

y4

<

4

20 - 35% gain

NS 6 A9 N % A

Wirelength (in mm)

Intel 90nm (wires with 2x min. width)

23
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% chip coverage in n cycles

% Chip Reached

100

90

80

Repeaters

——| Differential
Current-sensing

130 100
Technology Node (in nm)

Percentage of Chip Coverage

24

Maheshwari, ASIC SOC, 2002
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Hybrid Repeaters & Current-sensing

N Lrs Lro Lc .
P —%
T VT >O41N—V\ < 'j >
i 5
e \ /
e

Uniform Repeater Insertion Current-sensing e.g. DCS

Y Ly+Lo=L Zn:LRZ-
i=1

i=1

How much wire driven by repeaters ? I ="

25



Eliminating bus static power dissipation

Encoder Driver and wire Current sense Amp

Decoder
A A A A
4 Y N/ N\ A
IN
ouT
l D

Transition Encoded Current-sensing

IN N
iz ‘: — our [~ gJouT

CLK —p> OUT

Del Current-pulse signaling

e Send current only when there is a transition
e Hold the bus at GND otherwise

e Encoder and decoder overhead 26
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Interconnect Solutions - Bus Encoding

e Reduce dynamic power due to switching
activity on a bus

— Transition encoding, spatial encoding, invert
encoding, pattern encoding

e Various encoding target different aspect of
iInterconnect

— Delay, power, energy, crosstalk, area

e Cost of encoding/decoding
— Power, area, latency, additional wires

27
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Interconnect Solutions — Bus encoding

1.0 - 5 1.0
_ Static 8
© ] -
ﬁo.a E 0.8
E 0.6 { Transition-encoded g 0.6 - Static
g €
=~ 0.4 g 0.4 1 es
o 5 Transition-encoded
2 O
w02 - < 0.2 1
9mm metal3, 130nm process, 1.2V, 30°C o 0.0 9mm metal3, 130nm process, 1.2V, 30°C
0.0 T T T T T T " T T T T T T
065 070 075 080 0.85 090 095 1.00 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00
Delay (normalized) Delay (normalized)
e Uses a dynamic bus FRE— 0w oS0 ML L
configuration @ La
1

e Encoder translates input

transition activity into an output DI >0 M« BT} 0. o

logic state o La A

I
e Decoder uses encoded signal to S D2

reconstruct the original input o a
using its stored state information ~ [P1}{§ [oe - o[>0 - o 8
to distinguish between the two D R Gy

input transitions. Transitiqn _Encgded_ Dynamig Bus ~ Anders, JSSC, 2003
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Interconnect Solutions - Bus Encoding

e Bus invert encoding

— Checks each cycle if there is a possibility of greater
than 50% transitions on the bus

— Decides whether sending the true or compliment form
of the signals

— Reduces the switching activity

— Requires one additional wire to inform receiver
whether the bus is true or complement

— Numerous extensions and improvements for different
statistical assumptions and metrics

Stan/Burleson,
TLVSI, 1997
2



JMassAmhe

Multi-level Current Signaling
'_l

———————

Current Receiver

NMOS Comparator

b1Tx —[>] ' Interconnect
| —VVW\——

ot — P> || I

Multi-level Signaling

Encode two or more data bits and
transmit on interconnect.

The two or more data bits are
encoded into four or more
current levels. Current provides
more head-room than voltage!

Sense the current levels and
decode the original signals

NMOS Comparator

Logic

NMOS Comparator

—

Decoding >— b1Rx
/

b2Rx

Delay (ps)

1 1 T
Repeater - Delay —+
Multi-level - Delay ---x
Repeater - Power - %
Multi-level Power &

i oy
=

: \
1 =d 1 1 1 1 1 [V |

1 L L L
5 6 7 8 9
Line Length

10

3

2.8
2.6
2.4

‘4 22

2

1.8
1.6
1.4
1.2
1

0.8
0.6
0.4

1 0.2

0

Power (mw)
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Phase Coding

Actually phase modulation

Transmitting multiple bits in one transition
— Significant power and area savings
— Increased bandwidth

e Phase coding — Phase determines the data
e How to deal with timing uncertainty?

31
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A
AATI)C

Open Loop Phase Coding

o

Mux =
D
Mux H>-
D Mux =
Mux  H>
D
>
REF IN[O:N

{4

Do
e

>
o
>
>

o
o
o
o
o Do

e Delay elements can be shared across wires
e Supply noise, Process variation etc. can result in errors

EEEEE

JWMMW‘

Decoder

1

Decoder

T

Decoder

*

Decoder

1

Decoder

ﬁ

—

OUTI[O:N]

ﬁ

ﬁ

—

32



JMassAmhe
Measured Results: Closed Loop

e 16-bit 5mm long bus, 0.27u wide, 0.27u spacing,
shielded, 1GHz

e Repeater insertion, Transition encoding used
e Encode in 2 cycle and use Y2 cycle for decode

5[232:29 Encoder | Decoder | Phase coding | Repeater
(bits/wire Overhead | Overhead power bus
) (mW) (mW) (mMW) (mMW)

0.33 1.00 5.61 8.56

2
3 0.47 1.33 5.01 8.56
4 0.62 1.52 4.28 8.56 33
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Near Speed of light Signaling

TABLE 11

PERFORMANCE OF DIFFERENT APPROACHES TO ON-CHIP SIGNALING

. Propagation T.ime o = Power
Signaling > Flight for for 20 Comments
Medinm [mW]
20mm [ps] | mm [ps]
Modulation Wide metal Large metal
- . 3
(This work) wires (¢, =4) 133 300 = area
e i 133 1400 30 Slow
wires (e, = 4)
Repeaters X Large metal
RSt 133 400 50 area, High
wires (e, = 4)

power
Packaging,
Air (e, =4) 66 300 80 Integration

Optics (Edge- issues

Emitting) [11] On-Chip . .
Waveguide 228 500 80 “ti‘;g:a'im

(e,=11.7) SSues
Packaging,
Air (e, = 1) 66 400 60 Integration

Optics 1Ssues

(VCSEL) [11] On-Chip Interrati
Waveguide 228 600 60 cgration

issues

(e;=11.7)

bias

sin(wt
% }—l_{ h‘.—in(a)t) """ E
£
: !

e 283ps for 20mm 16um
wide AL wire in
0.18um CMOS tech

e Very wide, R~0

o Uses frequency
modulation

Chang, JSSC, 2003

34
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Uncertainty - Process Variations

) | | T T ]
pereent,

Nassif, ISQED, 2000

Lfdrds 1 :'m:, V;f'

..........

5 | | | | !
a7 99 (01 03 (3 07

35
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Impact of Uncertainty on Delay and Power

Runs

20

80

70

60

50

40

30

20

10

0
500 550 600 650 700 750 800 850 900 950
Delay (ps})

100nm technology

1000 Monte Carlo Runs
Power variability of 43.64%
Delay variability of 28.95%

100nm Technology

Bin 1(High Performance) Yield — 36.1%

Bin 2(Low Delay) Yield -
27.3%

Bin 3(Low Power) Yield -
25.1%

Bin 4(Low Performance) Yield — 11.5%

Total Average Power (mw)

100
80
&0
40
20
0
15 2 25 3 35 4 4.5
P ower (mw)
45
- 1000 MC runs at 100nm t
+
-+
4+ Bin 2 o J Bin 4
+
+ ++ + + + + +
-+
35 ++ + ++ H+ +
++ | A+
bt B -
= B e e
+ 1_— R st asssasiiR e
3k + o+ A e 2+
Neminat -
B e = = = S SN
L +
R e e = H+ o+
25 e H
B e st S R S T S + o+
R e e o ot = = S +
R E naam et R
B =+ o+ o+
2 Bin1  ++ +++ + + + o+ Bind +
ittt
+ + At 4
i S I
15 . . Nomipal .
400 500 600 700 800 oo 1000

Delay (ps)
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Uncertainty - Temperature Variations

1.5x107 D L\f L\f D .
1 —*— denamic 45 nm node ."/?- -4.0x1 0-4 N U3 2L 3T U
1.4x10°{ —e— P cakage 49 NM nNode 0:4 q-n T
{ —5=P, amc 70 NM node ./ /5/
1.3x1024 797 Placage 70 NM nOde S A Faoxto®
o -
1.2x10° 1 /°/ ’ d
: P / -2.0x10" & 70nm | 45nm
4 o —
2 ./. / O | E P
1.1x107 - e o g = | ered 5% | 2.6%
® / ~ -4 Ptotal 130°C
/. O i D/D i 1 0X1 0 Pd 130°C
1.0x107- - T P 13 % 38%
. e 4 ;8 —_ O r dyn,30°C
o-s—t—=o=—"" Parrc
, i L 0.0 - > 17 | > 27
9.0X1 0 T T T T T T T d T d T T leak 30° C
20 40 60 80 100 120 140
Temperature ( °C)
v Leakage power significantly increases with temp. in 45 nm node.
0O parabolic curvature (y = Cx2) in terms of varying temperatures.
v Higher temperature sensitivity (45 nm) on delay, power and leakage.
37

¢ Accurate RLC modelization to provide underestimation.
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Uncertainty due to Power Supply Noise

Vpos

RyH rLK LK

Vpos

o]

in’

RyH LK IL/K

C2Cjitter

R/H rL/K /K

in3

1.5,
1.0

S 05

00—

o Ztg(t), where K =3

k=1

(V): t(s)

-0.5]

v(inQ)

1.5,

v(inT)

v(in2)

| w(in3)

v(vpos)

| vivneg)

-0.5
0.0

1
10n

Jang, Xu, Burg8on
ISVLSI, 2005
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Uncertainty — Variation-tolerant Design

clk g Cycle 1 ! Cycle 2 | Cycle 3 ! Cycle 4
|
1 A 4 b
Logic stage D1 ] Qi Logic stage clk i | | b I—
0§ >0 Main ¥ L clk_delayed i | i
1 [t*  flip-flop fror L H f i ) Lo |
rror_| i | 1
D ¢ Instr 1 <. Instr2 P
L, Shadow D ; ¥
latch Error : YA N
—L| Razor FF ’ Comparator . ] ' Do
rror ' !
ok delayed —— | Q B Instr 1 B Instr 2

_fLf
e Razor methodology

— A voltage-scaling methodology based on real-time
detection and correction of circuit timing errors

— Allows for energy tuning of microprocessor pipeline

— Application or Razor methodology results in up to 64%
energy savings with less than 3% delay penalty for error

recovery
39

Austin, Computer Magazine, 2004
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The Delay, Energy, Error space

Delay Slow, but highly reliable and
low-energy

Delay Low-energy,
. compromise  High-error,
Constraint
(CI:SO-de)|ay (e.g low Vdd, low Vth, no checkers)
urve

Fast, reliable, more energy-hungry

40
Burleson, BARC 2005
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Interconnect test chips

§ EE S OuE| |
mEEE_wH| |

41
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CAD Support

e GTX (SRC-MARCO)
— A GSRC Technology Extrapolation System

e NoCIC (UMASS)

— SPICE-based Interconnect Calculator for
aggressive Circuit techniques (current-
sensing, multi-bit sensing, boosters, etc.)

42
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Repeater Optimization using GTX

e Most commonly cited optimal buffer sizing expression

(Bakoglu)
e In GTX:

— Sweep repeater size for single stage in the chain
— Examine both delay and energy-delay product

MM
o N -JT
.

-
(o2} [oe]
PR NI N T N T— |

Critical Path Delay (ns)

o
©

- -
N £
PR |

-
o
| I

Lseg =2.14 mm
'| W=S=1mm
\| -~ W=S=0.5mm

o

T
100 200 300 400 500

Repeater Size (X min size) — Bakoglu
optimal sizing

43

Stroobandt GSRC 2000, Cao, TVLSI, 2003
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N Inductance analysis using GTX

e Five different models implemented in GTX
— Bakoglu’s model (RC_B)
— [Alpert, Devgan and Kashyap, ISPD 2000] (RC_ADK)
— [Ismail, Friedman and Neves, TCAD 19(1), 2000] (RLC_IFN)
— [Kahng and Muddu, TCAD 1997] (RLC_KM)
— Extension of [Alpert, Devgan and Kashyap, ISPD 2000]

225 RC_ADK
RC_ADK
_ 145 ——RCB
—— RC_B
=175 RLC ADK =125 AN e RLC_ADK
2 ALC N e 105 ———RLC_IFN
= - ) \ RLC_KM
o 125 RLC_KM ° \
° S 85 A HSPICE
p A HSPICE o \&\A
= X = 65 N
= 75 AL = s A
A A 45 —
25 25
3.0 4.0 5.0 6.0 7.0 8.0 9.0  10.0 0.4 0.6 0.8 1.0 1.2 1.4
Wire Length (mm) Wire Width (um)

Stroobandt GSRC 2000, Cao, TVLSI, 2003
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A snapshot of NoCIC

'ri‘_-‘] New Page 1 - Microsoft Internet Explorer provided by Comcast LEE
Meome " Q- O R @ @ 4 @ | ddes) croamets s SetigsNerak venkatrananDeskion'Sio04._preseniaton FINAL_NOG bt o
NoCIC : Network-on-Chip Interconnect Calculator
' o
PARAMETER PLOT DISPLAY WINDOW
SELECTION WINDOW
NoC Parameters o -
Tile Size [4mm (v -
Bus Size [abit [v]
Supply Veltage av v
Interconneet Parameters = _,
Signaling Tecrique | Repester ™ - .
Torbendigy [180rm ] ol ; e
Shiclding [Unshisidsd [w ; d_ 1
Analysis ;I;
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Case Study : MPSoC with NOC

Liu's* Prediction

Max Core Freq:
2GhZ(100nm)

Cost Perf : 3.5mm core

Traditional Interconnect
estimate

High Perf : 7.1mm core

Assuming Repeated Wires

ﬁ Int Freq: 1.7Ghz
@ (interconnect limited)
Vendor Designer
Core sizes: 1mm-8mm <:> 100nm design
Tech : 90nm,100nm 10 7mm cores % NoCIC
Assuming Differential current
sensing

Int Freq: 2.08GhZ
Energy penalty: < 5%

Venkatraman, SLIP, 2003
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* J. Liu et.al System level interconnect design for network-on-chip interconnect IPs, in proceedings of the international
workshop on System level interconnect prediction, SLIP 2003.



JMassAmhe
Case-Study: On-Chip Security

(Burleson, Tessier, Gong, Wolf, Gogniat, 2005)

e On-chip monitoring R
and security bus s;:re —

e Latency-critical for ey
fast detectionand | T ™ il Riee
mitigation of attacks <<% [asios o

e Improved power, CY e T
performance and —tlom] [ vieos—rf [ou]
security over cu
software-based System on Chip
dEfenseS CM = Configurable Monitor

OCIN = On-Chip Intelligenge
Network
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Conclusions & Challenges

Interconnects are a critical enabling abstraction
in MPSoC

Interconnects play a very large and increasing
role in delay, energy, and design effort.

Interconnect can be solved simultaneously at
the micro-architectural, circuit and process levels

Aggressive circuit and signaling techniques show
promise with minimal architectural impact

CAD support needed, especially
— early estimation for architecture and floorplanning
— final verification in the presence of uncertainties

48



JVassAmbhe
VLST Interconnects: A Design Perspective,

W. Burleson and A. Maheshwari
Morgan-Kaufmann. 2005(6)

e 400-page textbook with HW problems, covering:

History (both off-chip and on-chip)

Process (metallization, dielectrics, etc.)
Architecture (processor, ASIC, FPGA, memory)
Theoretical models (graph, information-theoretic)
Wire models (R,C,LM,...)

Circuits (repeaters, boosters, sense-amps, etc.)
CAD (estimation, synthesis, optimization)

Case Studies (buses, memories, ASIC, FPGA)
Future (nano, optical, wireless, etc.)
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UMASS Interconnect Circuit Design Group

e Students:
— Vishak Venkatraman (internship at CRL, PhD 06)

— Jinwook Jang (MS 05, PhD 08) e Alums
— Sheng Xu (new Sept 04) — Manoj Sinha (now
— Ibis Benito (new Jan 05) at Micron)

— Atul Maheshwari (now at Intel) — Chris Cowell (now

— Matt Heath (now at Intel) at Intel)
— Aiyappan Natarajan (now at AMD) _ Sriram Srinivasan
— Vijay Shankar (now at Qualcomm) (now at AMD)
— Anki Nalamalpu (now at Intel) — Andrew Laffely
e Collaborators: (now Prof at
— Sandip Kundu (UMASS/Intel/IBM) USAFA)

— Russ Tessier, Israel Koren, Aura Ganz (UMASS) _ Srividya
— Shubu Mukherjee, Rich Watson, (Intel MMDC) Srinivasaragavan

— SRC liasons (Intel CRL, Freescale) (now at Intel)
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